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Abstract

18
The genome of the parasitic platyhelminth Schistosoma mansoni is composed of approximately 19 40% of repetitive sequences of which roughly 20% correspond to transposable elements. When the 20 genome sequence became available, conventional repeat prediction programs were used to find 21 these repeats, but only a fraction could be identified. To exhaustively characterize the repeats we 22 applied a new massive sequencing based strategy: we re-sequenced the genome by next generation 23 sequencing, aligned the sequencing reads to the genome and assembled all multiple-hit reads into 24 contigs corresponding to the repetitive part of the genome. We present here, for the first time, this 25 de-novo repeat assembly strategy and we confirm that such assembly is feasible. We identified and 26 annotated 4,143 new repeats in the Schistosoma mansoni genome. At least one third of the repeats 27 are transcribed. This strategy allowed us also to identify 14 new microsatellite markers, which can 28 be used for pedigree studies. Annotations and the combined (previously known and new) 5,420 29 repeat sequences (corresponding to 47% of the genome) are available for download 30 (http://methdb.univ-perp.fr/downloads/). 31
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Page 5 of 12 DNA-free (Ambion #cat: AM1907) for 45 minutes at 37°C, followed by inactivation of the enzyme 88 using the inactivation reagent. PCR of 28s rDNA was used to test for genomic DNA 89 contaminations. First strand cDNA was synthesized using 20 ng of the total RNA preparation, in a 90 final volume of 20μl with 200 U of RevertAid (Fermentas, #cat: G2101) . To assemble the repeat 91 genome, we used a total of 38,004,342 36-bp single-end reads generated on a Genome Analyzer II 92 (Illumina) according to the manufacturer's protocol, at the MGX and Oregon State University 93 sequencing facilities. Sequences are available at the NCBI sequence read archive (study accession 94 numbers SRA012151.6 and SRA043796.1). Reads were aligned to the reference genome v.3.1 with 95 SOAP2/SOAPaligner (Li et al., 2009 ) evoking the -r 0 (not repeats) and -u (write unmapped reads 96 into a file) options. The rationale behind this approach was that in this case, SOAP would only align 97 reads with a single occurrence in the genome. All other reads correspond either to unknown 98 sequences or occurring more than once, i.e. are repetitive. The 12,535,613 unmapped sequence 99 reads (33% of total) were then assembled using Velvet 0.7.01 (Zerbino, 2010) with the -cov_cutoff 100 4 -min_contig_length 100 options resulting in 8,608 contigs. A long read assembler (Sequencher 101 version 4.5 (Gene Codes) min match=93%, min overlap=60 bp) was used to produce finally 8,594 102 contigs. Each repeat was assembled individually and therefore the assemblies may be composed of 103 two or more distinct, but very similar repeats. First pass annotation of the 8,594 presumed repeat 104 contigs was done with Blast (Altschul et al., 1990) , Censor/Repbase (Kohany et al., 2006) , TEclass 105 (Abrusan et al., 2009) and Tandem Repeats Finder (Benson, 1999). Blast2GO v2.4.8 (Conesa et al., 106 2005) was used to carry out various types of BLAST searches (conditions in Supplementary Table 1  107 and results in Table 1 ). CENSOR (http://www.girinst.org/censor/) (Kohany et al., 2006) Results were evaluated according to the 80/80/80 principle (80% of identity on 80% of the sequence 112 spanning a minimum of 80 bp) (Wicker et al., 2007) . The web application TEclass(http://www.compgen.uni-muenster.de/tools/teclass/) (Abrusan et al., 2009 ) was used to predict 114 potential transposable elements in a sequence with default parameters. Finally we used Tandem  115 Repeats Finder (TRfinder, http://tandem.bu.edu/trf/trf.html) (Benson, 1999) to identify tandem 116 repeats. Parameters were optimized for highest sensitivity and specificity (respectively 81% and 117 97%) using in silico generated training sequences: Minimum alignment score: 30; alignment 118 parameters: 2-7-7. TRfinder was also used to find sequences with a period of 2, 3 or 4 bp that could 119 serve as new microsatellite markers. Candidates were verified to have only one occurrence in the 120 genome, to be polymorphic (by comparison with trace files used for the genome assembly) and it 121 was checked if they were located in a gene. PCR reactions were done in quadruplicate and the mean value of Ct was calculated. 28s rRNA was 138 used as an internal control and the amplification of a unique band was verified by electrophoresis 139 Page 7 of 12 through 2% agarose gels for each qPCR product. Primer sequences and expected PCR product sizes 140 are listed in Supplementary Tables 2 and 3 . For all qPCR, efficiency was at least 1.95.
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Our assembly of SOAP-sorted massive sequencing reads delivered 8,594 contigs. Contigs 142 smr_2181, smr_2685, smr_2733, smr_3000, smr_3595, smr_3826, smr_4022, and smr_6227 -that 143 we tested by PCR -showed a band at the predicted size indicating that assembly is correct in most 144 cases. For two contigs (smr_3000 and smr_3826) a supplementary band was present, with a 145 molecular weight twice as high as the major band, suggesting repetition in that these fragments 146 correspond to an amplicon of 2 tandem repeats in the genome. Among the 8,594, we clearly 147 identified 6,531 (76%) as repeats via in silico analysis using the following criteria: two or more 148 occurrences in the reference genome and no Blast annotation (against the nr database from NCBI) 149 related to a known gene or protein (with the exception of proteins typical of transposable elements, 150 such as transposase, reverse transcriptase or GAG polyprotein), using an e-value cut-off of 1.0E -30 . 151
Using the information obtained from the Blast done on the nr database, we identified 306 contigs 152 related to genes or gene families, which include 40 mitochondrial genes. A Blast search against the 153 reference genome of S. mansoni, which allowed us to count the number of occurrences of each 154 repeat, showed that 1,332 sequences (other than the ones identified as genes) were unique, and 230 155 were absent from the reference genome. All Blast conditions are listed in Supplementary Table 1.  156 At this point of our analysis, a total of 10 sequences are suspected to be possible contamination, as 157 they are neither present in the reference genome, nor in the trace files, but match perfectly 158 sequences from other organisms. Four sequences correspond to rodents and six to small freshwater 159 organisms such as Hydra magnipapillata. It is likely that the sequences are due to contaminations 160 from host tissue and spring-water used for parasite culture. Out of the 6,531 repeated sequences, 161
TRfinder detected 516 containing tandem repeats. Two thousand four hundred and forty five 162 repeated sequences matched fully or partially to already known repeats, i.e. those present in the 163
RepeatScout generated database of repeat predictions. In conclusion, assembly of repeats is possible 164 by our new approach and so far, 4,143 unknown repeats have been identified. Based on thecombined results of Blast and Censor we classified the 6,531 repeats into 9 groups, and into 5 with 166
TEClass. This categorization is based on the hierarchy of classes of repeats suggested by the Censor  167   results  (list  of  classes  and  subclasses  available  on  the  GIRI  website,  168 http://www.girinst.org/censor/help.html). The majority of repeat annotations belongs to class I and 169 class II (retro) transposons (Table 1b) . For 1,921 of the 6,531 repeats (29%) we found ESTs through 170
Blast searches (Supplementary Table 1 ), indicating that a large part is transcribed. Blast searches in 171 stage specific ESTs revealed a homogeneous distribution among the life cycle stages (data not 172 shown). For seven repeats with 0 to 52 EST hits, we verified transcription in miracidia and adults. 173
Six (smr_2181, smr_2685, smr_2733, smr_3595, smr_4022 and smr_6227) showed low, but 174 significant above background transcription, while for a single repeat (smr_7590) no transcription 175 was found (Figure 1 ). There was no correlation between the number of EST hits and transcription 176 level measured by qPCR. We used TRfinder, Blast searches against the trace file database and Blast 177 searches against the S. mansoni genome followed by visual inspection to identify 14 new 178 polymorphic microsatellite markers. Five of them are located in predicted gene coding regions and 179 the remaining 9 are probably neutral markers (Supplementary Table 4 ). To generate a combined 180 database we used the abovementioned 1,225 predicted repeats. We then analyzed the 55 repeats 181 available in GenBank and identified three duplicates: Sm_SR-AB2 (AF025674.1), Sm_SR1_pol_3 182 (U66331.1) and Sm_Sinbad_iS4-T (AY965073.1). For Sm_salmonid (AY834402.1) we have 183 shown previously (Grunau and Boissier, 2010) that it is not present in S. mansoni. Consequently, 184
we removed these 4 repeats from the database, and added the remaining 51 repeats sequences 185 available in GenBank and a tandem repeat earlier identified in our laboratory (TandemRepeat_266) 186 to the combined database (1,225 predicted + 55 GenBank -3 duplicates -1 wrong + 1 previously 187 identified = 1277). In total, our new Schistosoma mansoni repeat database contains 5,420 188 sequences. The workflow and a summary of results are shown in figure 2. This repeat database was 189 used for the annotation of assembly 3.1 of the S.mansoni genome. We employed RepeatMasker 190 (Smit et al., 1996) We describe here -to our knowledge for the first time -a de novo assembly strategy for repetitive 204 sequences making use of a filter option in short read alignment programs such as SOAP. Short 205 reads that match to more than one region of the reference genome can be handled in two different 206 ways by these programs. Either, they are randomly positioned to the multiple matching loci, or they 207 are not at all aligned. We made use of this latter option and employed the alignment program as a 208 filter for repetitive sequences. A potential caveat of this method is that unique sequences that for 209 some reasons are not present in the reference genome (or not aligned to it) will also initially be 210 included in the sequence bin that will serve as the input for the repeat assembly process. These 211 sequences must be eliminated after assembly by alignment to the genome. The rationale behind this 212 approach is that true repeats will be detected -by their very nature -more than once in the genome. 213
All other sequences must be removed. This strategy allowed us to identify 4,143 new repeats in the 214 S. mansoni genome in addition to the 1,225 unique predicted and the 52 experimentally found 215 repeat sequences available in GenBank or through our own work. The strategy can naturally also be 216 used for other species for which a reference sequence and massive sequencing reads are available. 217
We then annotated the repeats with conventional annotation programs in order to classify them. It is 218 interesting to note that a substantial proportion of the repeats (at least 30% but probably more) is 219 transcribed. It is tempting to speculate that this transcription has a biological function as observed in 220 other species. Further work will be necessary to explore this option in schistosomes. Finally, our 221 approach allowed us to identify 14 new polymorphic microsatellite markers, of which 9 are 222 probably neutral markers. Microsatellite markers are popular tools in many fields of biology such as 223 pedigree studies or epidemiology. While being of great interest, they are notoriously difficult to 224 find, and during the last decade only 43 were discovered (Supplementary Table 4 
